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We discuss other contributions to the vacuum energy of quantum field theories and quantum
gravity, which have not been considered in literature. As is well known, the presence of virtual
particles in vacuum provides the so famous and puzzling contributions to the vacuum energy. As
is well known, these mainly come from loop integrations over the four-momenta space. However,
we argue that these also imply the presence of a mass density of virtual particles in every volume
cell of space-time. The most important contribution comes from quantum gravity S2 × S2 bubbles,
corresponding to virtual black hole pairs. The presence of virtual masses could lead to another
paradox: the space-time itself would have an intrinsic virtual mass density contribution leading
to a disastrous contraction - as is known, no negative masses exist in general relativity. We dub
this effect the cosmological problem of second type: if not other counter-terms existed, the vacuum
energy would be inevitably destabilized by virtual-mass contributions. It would be conceivable that
the cosmological problem of second type could solve the first one. Virtual masses renormalize the
vacuum energy to an unpredicted parameter, as in the renormalization procedure of the Standard
Model charges. In the limit ofMPl →∞ (Pauli-Villars limit), virtual black holes have a mass density
providing an infinite counter-term to the vacuum energy divergent contributionMPl →∞ (assuming
MUV = MPl). Therefore, in the same Schwinger-Feynman-Tomonaga attitude, the problem of a
divergent vacuum energy could be analogous to the put-by-hand procedure used for Standard Model
parameters.
I. INTRODUCTION
As is well known, the Standard Model of particles
predicts the existence of a zero point energy density
ρvacuum → ∞. In an effective field theory approach,
this is interpreted as
ρvacuum ∼ −(nB − ζ(E)nF )M4UV
where nB and nF are the numbers of bosons and
fermions, ζ(E) is a coupling ratio running with energy,
MUV is the UV Pauli-Villars cutoff scale. In fact, bubble
diagrams of matter, gauge sector and Higgs sector will
badly generate quartic divergences at the leading order
plus subdominant divergences. Such a vacuum energy
would lead to a sudden super-inflation of space-time in
a Planckian (cosmological frame) time. On the other
hand, a very tiny dark energy density is observed, i.e.
around 10−122M4Pl. This is the well known cosmological
problem: even starting with a zero or very small Ein-
stein’s cosmological constant, this will be destabilized
by quantum corrections, up to Λ → M2UV . In (SM)
+ (quantum gravity), the UV cutoff is the Planck scale
MUV = MPl ≃ 1019GeV leading to a vacuum energy
density 10122ρexpΛ , where ρ
exp
Λ is the energy density asso-
ciated to the experimental cosmological constant.
In this paper, we will discuss another aspect of the
cosmological problem related to a second paradox of
quantum field theories and quantum gravity. We ar-
gue that quantum field theories inevitably lead to the
presence of virtual particles in a volume cell of space-
time. This implies that, in every volume cell, virtual
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particles contribute to the energy density with their own
masses. In other words, the expectation value of the
energy-momentum tensor gets a contribution from vir-
tual masses floating in vacuum. This effect is analogous
to virtual electric charges in electrodynamics, screen-
ing bare electric charges. However, the difference is
that negative and positive electric charges contribute as
〈0|Q|0〉 = 0 while negative masses cannot exist in general
relativity. Even if this effect is an obvious consequence
of quantum field theory coupled to gravity, it was never
discussed as a relevant contribution to the vacuum en-
ergy density in any papers or reviews in literature (See
for example some reviews on these subjects [1–11]).
The most important contribution comes from Virtual
Black Holes (VBHs). Heisenberg’s indetermination prin-
ciple will inevitably lead to the conclusion that, local-
izing the position ∆x → 0, the curvature fluctuations
will diverge ∆R → ∞. This leads to the pair creation
of virtual black holes in vacuum. The quantum gravity
scale imposes a bound on the Schwarzschild micro-black
hole mass of MBH ≥
√
πMPl. Such a bound can be
obtained as a solution of λc = rS , where λc is the uni-
versal definition of Compton wave-lenght λc = 2π/M
while rS = 2GNM is the Schwarzschild radius. As
pointed out by S. Hawking, a virtual black hole bubble
is topologically equivalent to S2 × S2, obtained by glu-
ing two Eguchi-Hanson metric with opposite directions
[12]. The Heisenberg’s principle inevitably suggests the
average presence of virtual micro black holes with a min-
imal mass
√
πMPl in a Planck volume l
3
Pl. Other larger
mass virtual black holes clearly are possible, but the sat-
uration density limit must be
√
πMPl/l
3
Pl, i.e. the black
hole density is cut-off by the Planck density scale. For
instance a micro-black hole with 2
√
πMPl will occupy
22l3Pl, one with 3
√
πMPl will occupy 3l
3
Pl and so on. As
shown by S. Hawking, the quantum gravity ground state
minimizing the semiclassical action corresponds to ap-
proximately one Planck mass micro-black hole for Planck
volume [13]. So that, a space-time foam with a leading
topology (S2)2N with N >> 1 was suggested 1 2. This
leads to the catastrophic conclusion that space-time has
an enormous intrinsic energy density of ρvacuum ∼ M4Pl
even without on-shell matter sources. In fact if a space-
time has an intrinsic energy density, this will source its
curvature to 〈R〉 → l−2Pl .
Of course, the BH mass bound can be deformed for
electrically charged and/or rotating virtual black holes.
More precisely, for non-extremal Kerr black holes with
M > J , the mass bound is obtained solving the equation
λc = router, where router =
1
2
(
rS +
√
r2s − 4α2 cos2 θ
)
,
where α = J/M and J the Spin parameter, where θ
parametrizes the angular variation of the radius in the
oblate spheroidal horizon.
In the next subsection, we will provide a complete in-
troduction to the classical cosmological problem and its
completion with the second cosmological problem intro-
duced in this paper.
A. Cosmological problems
Let us consider the Einstein-Hilbert lagrangian with a
bare cosmological constant and coupled with matter:
S =
1
2κ
∫
d4x
√−g(R − 2ΛB) + Smatter[gµν ,Φ] (1)
where κ = 8πGN = 1/M
2
Pl where MPl is the reduced
Planck mass. In quantum field theory, the vacuum ex-
pectation value of the energy momentum tensor is not
zero even without any matter sources:
〈0|Tµν |0〉 = −〈0| 2√−g
δW
δgµν
|0〉 = −ρvacgµν (2)
where
W = −i logZ[0], Z[0] =
∫
DΦeiSmatter [Φ] (3)
and Φ are all SM particles and Z is the full SM partition
function, supposing to start the field quantizations from
an almost flat background.
Eq.(2) contributes to the Einstein’s field equation as
Rµν − 1
2
Rgµν + ΛBgµν = κT
matter
µν + κ〈Tµν〉 (4)
1 But the same S. Hawking has not pointed out the possible rele-
vance of the contribution of virtual BH masses to the renormal-
ization of the vacuum energy.
2 More precisely, also the presence of K3, K¯3 are possible, while
CP2, C¯P 2 are not possible for a spin-structured metric gravity.
In other words, the effective cosmological constant is
Λeff = ΛB + κρvac (5)
The SM complete vacuum energy is
ρvac = ρB+
∑
i
ci
m4i
64π2
ln
(
m2i
µ2
)
+ρUVvac+ρ
EW
vac +ρ
QCD
vac +...
(6)
≃ ρB − 2× 108GeV4 ++ρUVvac + ρEWvac + ρQCDvac + ...
where
∑
i is done all over Standard Model particles
and in particular we use current data mH ≃ 125GeV;
cquarks ≃ −4, mu ≃ 2.3MeV, md ≃ 4.6MeV, ms ≃
0.104GeV mc ≃ 1.27GeV, mb ≃ 4.2GeV, mt ≃
171.2GeV; me ≃ 0.511MeV, mµ ≃ 105MeV, mτ ≃
1.77MeV, (we ignore neutrinos), MZ ≃ 91GeV, mW± ≃
80GeV, cH = 1, cq = −4, cl = 4, cZ = cW = 3;
ρUVvac = −κ
1
4
∑
F,B
[
cB(E)m4B(E)D
B(0)− cF (E)m4F (E)DF (0)
]
(7)
where DF,B(0) are bubble diagrams = 〈Φ(0)Φ(0)〉 of all
SM particles (F=fermions, B=bosons) and we assume
MUV =MPl;
ρEWvac = −
√
2
16
m2H
G2F
≃ −1.2× 108GeV4; (8)
ρQCDvac ≃ (〈q¯q〉)4/3 ≃ 10−2GeV4; (9)
Let us note that in Eq.7, m4B,FDB,F (0) ∼ M4UV for
mB,F → 0.
Now, let us include the contributions of virtual masses
into Eqs.(7,8,9)
ρV BHvac,TOT = ρ
UV
vac +
∑
V BH
cV BH(E)M
4
Pl (10)
ρEWvac,TOT = ρ
EW
vac +
∑
SM
1
8π3
m4SM (E) (11)
ρQCDvac,TOT = ρ
QCD
vac +
∑
WL,G
1
8π3
m4WL,G(E) (12)
where
∑
V BH is on all virtual Black Hole species,
∑
SM is
performed on all SM particle masses,
∑
WL is performed
all over the quark-antiquark Wilson lines (WL) and glue-
balls (G). For instance the mass of SM particle is aver-
agely distributed in every associated Compton volume
λ3c ∼ m−3SM and so on. One can note that there is a co-
incidence in order of magnitude among various counter-
terms. For example, the sum on all SM particles masses
have approximately the same order of the vacuum ex-
pectation value but with an inverted sign. As well, QCD
3Wilson lines and Glueballs have a mass scale density of
the same order (1÷ 10) of the QCD confinement energy
density, but with again an inverted sign. Finally, the
most important contributions coming from the Planck
scale cutoff are from UV divergent loops and virtual black
holes mass density, again expected with the same order
of magnitude but inverted signs if MUV = MPl. This
alleviates the fine-tuning of the cosmological constant in-
voked in literature. However, at this level of analysis is
not possible to predict how much it can be alleviated,
i.e. if the cancellation is down to namely 1/2 or ... or
10−50 or ... or 10−122 or ... or << 10−122 of O(1)M4Pl.
To demonstrate the exact cancellation among all these
contributions seems impossible in framework of an effec-
tive quantum gravity theory. For instance, calculations of
precise coefficients in Eq.(10) request an UV completed
theory of quantum gravity because at E ≃ MPl vari-
ous radiative correction loops must contribute order O(1)
and they cannot be controlled in the effective quantum
gravity framework. Another source of uncertainty comes
from a possible unknown embedding of the SM in a larger
group: clearly in this case the number of new particles
as well as new introduced VEVs would contribute to the
vacuum energy density.
II. PATH INTEGRAL REFORMULATION
In this section, we will reformulate the cosmological
problem in full SM + quantum gravity path integral. All
bubble diagrams contribute to the full partition function
of Standard Model sector (or probably extensions) and
quantum gravity: the partition function is nothing but
an amplitude Z = 〈vacuum|vacuum〉.
The partition function of the Euclidean effective quan-
tum gravity theory is the following path integral:
Z =
∫
DgDψDφDAµe−I[g,ψ,φ,A] (13)
where g is the Euclidean metric tensor and φ,Aµ, ψ are
all SM scalars, bosons and fermions. The following argu-
ment can be generalized for a SM extension.
In general the problem of quantum gravity is that this
path integral has an UV divergence at 1-loop.
In semiclassical limit
IE = −
∫
Σ
√
gd4x
(
Lm + 1
16π
(R− 2Λ)
)
(14)
+
1
8π
∫
∂Σ
√
hd3x(K −K0)
where Lm is the matter Lagrangian and G = c = 1. We
will consider the case of Λ = 0, i.e. the initial cosmolog-
ical term is zero K is the trace of the curvature induced
on the boundary ∂Σ of the region Σ considered, h is the
metric induced on the boundary ∂Σ, and K0 is the trace
of the induced curvature embedded in flat space. The
last term is a contribution from the boundary. We con-
sider infinitesimal perturbations of matter and metric as
φ = φ0 + δφ, A = A
0 + δA, (...) and g = g0+ δg, so that
I[φ,A, ..., g] = I[φ0, A0, ..g0]+I2[δφ, δA, ...δg]+higher orders ,
(15)
I2[δφ, δA, .., δg] = I2[δφ, δA, ...] + I2[δg] . (16)
logZ = −logZ[φ0, A0, ..., g0] (17)
+log
∫
DδφDδA(...)e−I2 [δφ,δA,...] + log
∫
Dge−I2[δg]
So that, according to Gibbons and Hawking, the Stan-
dard Model can be decoupled by gravitational fluctua-
tions up to higher order corrections [14, 15] in semiclas-
sical limit. A conceptual problem of the decoupling limit
comes from the fact the SM partition function is UV di-
vergent and it is highly backreacting on the gravitational
metric. At this point, the semiclassical limit seems not
allowed. In other words, the full theory is not converging
to a SM in a flat background in the limit of E << MPl.
The expectation value of the energy-tensor in vacuum
has a non-zero component
〈vacuum|T˜00|vacuum〉SM−integrals+EW+QCD
But we have also to consider
〈vacuum|T˜00|vacuum〉V irtual−Masses
where
T˜00 = T00 − 1
2
g00T
where the main contribution of
〈vacuum|T˜00|vacuum〉V irtual−Masses comes from
〈vacuum|T˜00|vacuum〉S2×S2 = cV BH(E)M4Pl
corresponding to 〈vacuum|Im|vacuum〉 6= 0. A classifica-
tion of possible quantum gravity bubbles can be done on
the basis of rigorous topological arguments [12] . Quan-
tum bubbles are classified by their topological invariants
and in particular by their Eulero number and signature
χ = ν+B+2 +B
−
2 =
1
128π2
∫
d4x
√
gRabcdRa′b′c′d′ǫ
aba′b′ǫcdc
′d′
(18)
τ = B+2 −B−2 =
1
96π2
∫
d4x
√
gRabcdR
cd
a′b′ǫ
aba′b′ (19)
where ν = +2 for compact manifolds and ν = +1 for non-
compact manifolds, and B±2 are the second Betti numbers
of harmonic and anharmonic two forms respectively. In
the case of non-compact manifold boundary terms will
contribute to the integral.
4All bubbles are topologically equivalent to only three
possible classes: S2 × S2, CP 2 and K3. Of course
CP 2,K3 can be inversely oriented, two possible anti-
bubbles C¯P
2
, K¯3. S2 × S2 has (χ, τ) = (4, 0), CP 2
has (3, 1), C¯P
2
has (3,−1) K3 has (24, 16) and K¯3 has
(24,−16). In space-time with a spin structure, CP 2, C¯P 2
are not possible. On the other handK3, K¯3 bubbles con-
tribute to gravitational anomalies and they can change
helicity and chirality of particles. But, their contribu-
tion in the path integral is expected to be subdominant:
Atiyah-Singer index theorem guarantees that they will
have fermionic zero modes. This implies that the only
relevant diagrams are associated to S2×S2, correspond-
ing to virtual black holes pairs.
So that, the partition function can be fractioned in two
parts as
logZ0 + logZδ(SM),δg (20)
where Z0 is referred to the partition function of SM in
Euclidean flat background and
Zδ(SM),δg =
∫
DgDφDAµDψe−〈δIm〉+... (21)
where
〈δIm〉 = −〈δIm〉SM−integrals + 〈δIm〉V irtual−masses + ...
(22)
The vacuum energy will decouple by gravitational
√−g
inside the matter action Im if
〈δLm〉SM−Integral = −〈δLm〉V irtual−masses (23)
so that they decouple by gravitational factor
√−g in-
side the matter action Im. Then a separation of (21)
is possible by virtue of the miraculous coincidence (22):
the partition function can be expressed as a product of
separate Feynman’s path integrals
(∫
Dδg e−I2[δg]
)(∫
Dδφ... e−I2[δφ,...]
)
More precisely, the virtual black hole action is
I1 ∼ m
2
BH
M2Pl
(24)
and ignoring the interactions among N black holes with
the same mass (dilute gas approximation)
IN ∼ Nm
2
BH
M2Pl
(25)
we can evaluate the partition function of N identical BH
in a box of volume V as
Z0,BH ∼
∫ ∞
0
dmBH
∑
N
1
N !
(
V
l3Pl
)N
e
−4piN
m2
BH
M2
Pl (26)
This partition function is minimized by [13]
〈nBH〉 ∼ 1, 〈m2BH〉 ∼M2Pl (27)
coinciding with its saddle point 3. This implies that the
spacetime must be repleted with Planck mass black holes,
with a density of order one for Planckian volume. This
contributes to the complete partition function of SM and
quantum gravity, as mentioned above. The problem is
that virtual black holes are also gravitationally coupled
with space-time and so that each others, i.e. the diluite
gas approximation can be used only as a valid estimator
of virtual black hole package. The curvature of space-
time is maximized in modulus by (27) ifMUV ∼MPl and
the main contribution is coming by virtual black holes
gravitational attraction 〈V 〉 ∼ GNM2Pl/lPl ∼MPl.
At this point we could be concern about possible non-
perturbative quantum gravity corrections. For example,
a black hole bubble can be corrected by infinite loops
by gravitons, gauge bosons and so on. We can expect
that any possible loop corrections to black-hole bubble
also correct SM bubbles, and the leading divergence is
the same. Then, the limit of the space-time package of
virtual Black holes cannot exceed l4Pl. But as stressed
above, we have not the control of the running of couplings
as mention above and we can consider the problem only
at the level of effective field theory. This is the no-go edge
for our approach based on effective quantum gravity.
A. Λ 6= 0 and real black hole pairs in de Sitter
Now let us discuss the case of an initial cosmological
constant Λ 6= 0. The presence of a bare cosmological
constant can source the creation of a black hole pair in
a de Sitter space. This process is mediated by a S2 × S2
gravitational instanton, generating an imaginary rate in
the euclidean partition functional [17]. The topology of
the gravitational instanton is exactly the same of virtual
black hole bubbles, and the expansion energy can pro-
mote virtual black holes to a real pair. The nucleation
rate is
Γ = Ae−(IS2×S2−Ib.g.) (28)
where A includes quantum corrections, IS2×S2 is the ac-
tion associated to the gravitational instanton, Ib.g. is
the gravitational action of the background metric. As
shown in [17], the associated solution contains a nega-
tive mode. So that, the partition function becomes com-
plex. This is the signal of an instability, leading to a
spontaneous nucleation. The black holes are degener-
ate Schwarzschild-de Sitter black holes, or Nariai black
3 The integral on all BH masses is expected to be an approxima-
tion of a discrete sum, i.e. BH masses are expected to be disposed
in a discrete spectrum from arguments on the BH entropy [16].
5holes, with Schwarzschild radius of rH = 1/
√
Λ and tun-
neling rate Γ ∼ e−piG−1N Λ−1 . For Λ << G−1N ∼ M2Pl,
the tunneling rate is exponentially suppressed. However,
if Λ = M2Pl the process cannot be calculated in semi-
classical approximation and the system will disastrously
nucleate into real black hole pairs with 100% of proba-
bility. But if SM bubbles are cancelled by virtual black
hole bubbles, they cannot source any instabilities.
Eq.(28) is related to partition functions of S4 and S2×
S2 as
Γ = − 1
π
√
Λ
3
ImZ[S2 × S2]
Z[S4]
(29)
As shown in [17–20], this path integral can be computed
by integrating over the Fourier expansion coefficients of
metric scalar, vector and tensor perturbations, obtaining
an infinite product all over the eigenvalues. However, the
conformal negative modes contributing to the integra-
tion are a finite set associated to the conformal operator
∆0 = −3∇µ∇µ − 4Λ. The final result is independent by
the gauge-fixing choice and the Fadeev-Popov operator
contains the zero-modes of the background isometries.
δgµν can be decomposed in scalar, vector and tensor
modes:
δgµν = ϕµν +
1
4
δggµν +∇µζν +∇νζµ− 1
2
gµν∇σζσ (30)
under metric perturbations gµν + δgµν , the Einstein-
Hilbert part of the action is perturbed as
δ(2)Iδg =
1
2
〈ϕµν ,∆2ϕµν〉 − 1
16
〈h˜,∆0, h˜〉 (31)
where δ(2) is the 2th order perturbation, h˜ = h− 2∇σζσ,
∆2ϕµν = −∇σ∇σϕµν − 2Rµνρσϕρσ (32)
and the scalar product in a compact Λ > 0 manifold is
〈ϕµν , ϕµν〉 = 1
32πGN
∫
Σ
d4x
√
gϕµνϕµν (33)
〈ζµ, ζµ〉 = 1
32πGN
∫
Σ
d4x
√
gζµζ
µ (34)
Let us consider the partition function perturbed at the
2th order:
Z(2) =
∫
DgDφDADψeI0+ 12 〈ϕµν ,∆2ϕµν〉− 116 〈h˜,∆0h˜〉+δIm+δIg.f.
(35)
where δIm contains SM and virtual black hole bubbles,
δg.f the a gauge fixing term
δIg.f = γ〈∇σhσρ −
1
α
∇ρh,∇αhρα −
1
α
∇ρh〉 (36)
where γ, α are real constants. The gauge fixing term can
be choose so that it not contains zero modes: γ = 1,
α = 2 [18]. Again, assuming 〈δIm〉 = 0, the decoupling
is safe.
The bubble nucleation process is sourced by the classi-
cal action I0 with Λ > 0 causing negative modes the grav-
itational term (31). On the other hand, we have shown
that SM vacuum energy cannot source O(1) nucleation
instabilities if completely screened by Virtual masses. At
this point, the effective 2th order action is exactly the
same solved in literature [17–20], with exactly the same
calculation procedure.
III. CONCLUSIONS
In this paper, we have shown how the cosmological
constant is corrected by other counter-terms coming from
the masses of virtual particles - still not considered in the
literature. The most important contribution comes from
virtual black hole bubble diagrams. In order to distin-
guish this problem from the original stated cosmological
problem, we define it cosmological problem of the sec-
ond type. The initial Einstein’s cosmological constant is
corrected combining integrated UV divergent SM bubble
diagrams plus virtual masses. We have also discussed
this problem in the path integral framework. In partic-
ular, we have discussed the cancellation mechanism with
a null bare cosmological constant Λ = 0 and with an ini-
tial small bare cosmological constant Λ > 0. In doing
this, we have tacitly assumed that CPT and unitarity
are not violated by virtual black holes. In other words,
we have assumed that the information paradox would
be not seriously interpreted as a violation of quantum
mechanics principles. A possible decoherence effect by
quantum gravity is assumed to be null. Of course, the
information paradox is another different problem for an
unknown microscopic theory of black holes 4.
To conclude, the presence of UV divergent counter-
terms to the usual cosmological vacuum energy implies
a strong reduction of the cosmological fine-tuning sug-
gested in literature. This also seems a relevant counter-
argument against the usual disentanglement limit of par-
ticle physics and quantum gravity, always applied in all
quantum field theory calculations. Such a procedure
seems justified in most of the scattering processes tested
in laboratory. But as shown above, such a procedure is
not fully correct in the estimation of the vacuum energy
density. For instance, the contribution of virtual black
4 We have suggested that semiclassical black holes could be reinter-
preted as an effective geometry, composed of a large ensamble of
horizonless naked singularities (imagined smoothed at the planck
lenght) [21–23]: the information paradox would be understood
as a chaotization of the infalling information. In this approach, a
BH horizon does not exist and it is only an approximated geome-
try. Paradoxical BHs are substituted by new geometric solutions
dubbed frizzyballs, which recover all observable proprieties of as-
trophysical BH. In frizzyballs, the no hair theorem is avoided
and they carry informations in gravitational geometric hairs.
6holes to the vacuum energy is not negligible as thought
by most of theoretical physicists, but it is order M4Pl.
Because of that, we hope that our arguments would be
useful for a future clarification of the most serious un-
solved problem of theoretical physics. The final dream
is to demonstrate an exact cancellation among all terms
in the framework of a UV completed theory of quantum
gravity or a theory of everything. We think that this
problem could be analogous to the old dream to calcu-
late the electron mass from first principles 5.
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